This paper describes research and development for reducing the aerodynamic drag of heavy vehicles by demonstrating new approaches for the numerical simulation and analysis of aerodynamic flow. In addition, greater use of newly developed computational tools holds promise for reducing the number of prototype tests, for cutting manufacturing costs, and for reducing overall time to market.
INTRODUCTION AND BACKGROUND
Reduced fuel consumption for heavy vehicles can be achieved by altering truck shapes to decrease the aerodynamic resistance (drag). It is conceivable that present day truck drag coefficients can be reduced by as much as 50%, which represents a fuel savings of three billion gallons of diesel fuel per year of the roughly 10 billion gallons now consumed for truck highway travel at speeds of 60 mph.
The aerodynamic design of heavy trucks is presently based upon estimations of performance derived from wind tunnel testing. No better methods have been available traditionally, and the designer/aerodynamicists are to be commended for achieving significant design improvements over the past several decades on the basis of limited quantitative information. Computer simulation of aerodynamic flow is a new possibility, but the truck manufacturers have not yet integrated state-of-the-art computational simulations into advanced design approaches to predict performance of optimized aerodynamic vehicles. This is due partly because currently available methods are not reliable in their predictions for complex tractor-trailer flows. Figure 1 contains the estimated horsepower associated with aerodynamic drag in comparison to the power required to overcome rolling resistance and to supply needed auxiliary power, plotted as a function of speed.The truck in question is a modern Class 8 tractor-trailer possessing a wind-averaged drag coefficient of CD=0.60, and weighing 80,000 pounds. At 70 miles per hour, overcoming aerodynamic drag represents about 65% of the total energy expenditure for a typical heavy truck vehicle. Figure 2 illustrates the overall economic benefit associated with reductions in aerodynamic drag as a function of vehicle speed. The ordinate on the left presents calculations of fuel consumption in gallons per mile traveled for a typical Class 8 tractor-trailer powered by a modern, turbocharged diesel engine operating at a fixed specific fuel consumption, bsfc=0.34 #/HP-hr. Five estimates of fuel consumption are shown, corresponding to five values of wind-averaged drag coefficient between CD=0.7 and 0.3. To the right are plotted the total yearly fuel expenditures expressed in billions of gallons based upon the estimate of 60 billion highway miles traveled (per year) in the year 2012 by Class 8 trucks. The 60 billion highway miles is predicted by applying a 30% growth factor to the FHWA annual vehicle-travel estimates for 1992 [1] . Reducing the drag coefficient from 0.6 to 0.3 for a typical Class 8 tractor-trailer would result in a total yearly savings of 3 billion gallons of diesel fuel for travel at a present day speed of 60 miles per hour. The mileage improvement is from 6.1 miles per gallon to 8.7 miles per gallon -a 43% savings.
EXPERIMENTS
We present here an overview of the current experimental approach and several preliminary results provided for the integrated tractor-trailer benchmark geometry termed the Sandia Model [2] . The purpose of the tests are for validation of the computational fluid dynamics (CFD) models, and for further insight into truck flow phenomena.
BASELINE MODEL IN NASA AMES 7-FT. X 10 FT. WIND TUNNEL
NASA Ames' Experimental Physics Branch have recently performed experiments on the Sandia Model (a 1/8 scale model) in the 7-ft. x 10-ft. wind tunnel (see Figure 3 ). In addition to drag and discrete and unsteady pressure measurements, an entire suite of new and innovative measurement techniques were used. The three-dimensional (3D) unsteady wake was captured using particle image velocimetry (PIV). PIV is an imaging technique whose data product is usually an array of two-component velocity vectors on a given plane. PIV has become the flow field velocity measurement technique of choice for validating CFD code. A recent development in PIV is to derive the third component of velocity by using stereo imaging. This is the world's first 3D PIV system being used in a production wind tunnel in the world.
The PIV measurements were taken in the model wake, providing the three components of velocity in the plane of a laser sheet. PIV data was taken for Reynolds number (Re) of 0.5 million and 2 million based on the trailer width and upstream velocity. In all, more than fifty data sets were col- Skin friction measurements on the model body were also provided by Tao Systems' hot-film sensors which can detect flow separation, reattachment, and transition. A total of 60 sensors were used for the hot-film measurements (Figure 8 ).
Continuum Dynamics, Inc. has also provided boattail plates made to fit the Sandia Model (Figure 9 ). Tests conducted with and without the boattail plates show a 20% reduction in drag when the plates are installed, as presented in Figure 10. (A 10% reduction had previously been measured on a full-size truck of different design at similar speeds. The drag reduction is less for the full-scale case due to the more realistic truck geometry.)
BASELINE MODEL IN USC WIND TUNNEL
In preparation for PIV measurements at USC, a 1:15 scale model of the Sandia Truck has been fabricated and instrumented to measure drag, side force, and yawing moment. The model has a separately instrumented tractor and trailer with the capability for varying the gap between the two. Preliminary measurements of drag as a function of tractortrailer gap have been completed, and illustrated in Figure  11 . The drag coefficients shown for the tractor (or cab) and the trailer are plotted separately, and normalized by their respective values at a typical gap -the value of 0.5 on the abscissa. (The normalizing length for the gap is the square root of the frontal area.) At large gaps, the trailer drag dominates, while at shorter gaps the cab drag is slightly greater than trailer drag. Interestingly, the drag curves cross again at very short gaps. (These results were provided by student researchers Glen Landreth and Patricia Wall.)
COMPUTATIONS

REYNOLDS-AVERAGED NAVIER STOKES MODELING
Reynolds-averaged Navier Stokes (RANS) computations are being performed by Sandia National Laboratories (SNL). Figure 12 shows a flow field simulation about the Sandia Model at Re of 1.6 million at 10 degree yaw angle. The presented results involve the modeling of an experiment performed on the Sandia Model in the Texas A&M 7-ft. x 10-ft. wind tunnel [2] . These RANS simulations include part of the converging section, test section, and part of the expansion region of the tunnel. The tunnel walls are treated as slip boundaries (no penetration). The computational meshes for the RANS simulations range from a coarse mesh of 0.5 million nodes, a medium mesh of 4 million nodes, and a fine mesh of 32 million nodes at 0 and 10 degree yaws. For these calculations an implicit finite-volume compressible flow solver with a one-equation SpalartAllmaras turbulence model was used. The steady solutions were obtained on a massively parallel machine using 107 and 246 processors for the coarse and medium mesh, respectively. The fine mesh calculation is underway and it uses 1414 processors. Future plans are to use these solutions as the initial conditions for time-accurate RANS calculations.
LARGE-EDDY SIMULATION
The large-eddy simulation (LES) approach is being used by Lawrence Livermore National Laboratory (LLNL). This advanced modeling approach has the potential to achieve more accurate simulations with minimum empiricism and thus, reduce experimentation. The flow around a tractor/ trailer is time dependent, three-dimensional with a wide range of scales (i.e., the largest scale is on the order of the truck length and the small scales are smaller than the diameter of a grab handle). LLNL is utilizing an established finite element method. A preliminary mesh and calculations that demonstrate the benefits of the unstructured grid option and the ability of LES to capture the unsteady wake flow are presented in Figure 13 .
An LES approach with vortex methods is being used by California Institute of Technology (Caltech). It is emphasized that this is truly a gridless method (except for the 2D grid on the vehicle surface). Gridless methods appear to be of particular interest to industry, because of the excess amount of time that is usually spent on mesh generation compared to the simulation run time. In addition, with vortex methods, computations are only performed where nonzero vorticity is present (e.g., near body and in wake) thus, reducing computational effort. In addition, there are other developments that reduce the effective operations from an order of N 2 to order N, where N is the number of computational elements (i.e., vortex packets) which move with the fluid.
SUMMARY, CONCLUSIONS, AND FUTURE PLANS
Experiments on a baseline case of an integrated tractor/ trailer have been performed. In addition to drag and discrete and unsteady pressure measurements, an entire suite of new and innovative measurement techniques were used, including use of the world's first 3D PIV system in a production wind tunnel. The purpose of the tests are for validation of the CFD models and for further insight into truck flow phenomena.
Advanced computational models that use an LES approach are being developed, in addition to the use of state-of-theart RANS modeling. This advanced LES modeling approach is being considered to achieve accurate simulations with minimum empiricism and thus, reduce experimentation and increase the understanding of contributory causes for drag of heavy trucks. 
